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ABSTRACT Multilocus linkage analysis of 62 family ped-
igrees with X chromosome-linked retinitis pigmentosa (XLRP)
was undertaken to determine the presence of possible multiple
disease loci and to reliably estimate their map location. Mul-
tilocus homogeneity tests furnished convincing evidence for the
presence of two XLRP loci, the likelihood ratio being 6.4 x
109:1 in favor of two versus a single XLRP locus and gave
accurate estimates for their map location. In 60-75% of the
families, location of an XLRP gene was estimated at 1 centi-
morgan distal to OTC, and in 25-40% ofthe families, an XLRP
locus was located halfway between DXS14 (p58-1) and DXZJ
(Xcen), with an estimated recombination fraction of 25%
between the two XLRP loci. There is also good evidence for a
third XLRP locus, midway between DXS28 (C7) and DXS164
(pERT87), supported by a likelihood ratio of 293:1 for three
versus two XLRP loci.

Retinitis pigmentosa (RP) is a group of hereditary progressive
disorders of the retina characterized initially by night blind-
ness, often within the first two decades of life, reduction of
peripheral or side vision, eventual decrease in central vision
to variable degrees, in many cases leading to total blindness
due to degeneration of the retina (1). There are several
subtypes of RP, including autosomal recessive, autosomal
dominant, and X chromosome-linked forms (XLRP).

Linkage analyses in families with XLRP have shown
conflicting results regarding the location of the disease locus.
Consequently, the presence of two XLRP loci was hypoth-
esized (2-5). One subtype of XLRP, referred to as RP2, was
linked to locus DXS7 (L1.28) (6, 7); another subtype, RP3,
was linked to locus OTC (ornithine carbamoyltransferase)
(8-10). Further evidence for location ofan XLRP locus distal
to OTC came from a patient with a deletion starting between
OTC and DXS84 (754) and extending toward the telomere, in
whom several X-chromosome linked diseases occurred in-
cluding RP (11). Friedrich et al. (12) found another locus
responsible for XLRP to be closely linked to DXS7, between
Xcen and DXS7 (L1.28).
The current study was initiated as a collaborative effort (i)

to obtain evidence for XLRP heterogeneity if at all present,

and, if so, (ii) to localize the disease loci in a comprehensive
linkage and heterogeneity analysis.
Family Data. A total of 62 families were available for this

analysis, most but not all of which have been published
previously. For calculation efficiency, some pedigrees had
earlier been broken down into smaller families and analyzed
separately; here, they were analyzed undivided. Disease
status for both affected males and carrier females was deter-
mined by the investigators and was incorporated unaltered in
this analysis.

In many cases, heterozygous women also have symptoms
that are, however, generally much milder than in men. Where
detectable, such symptoms have been used for carrier status
determination.
Linkage Analysis. The linkage analysis was carried out with

the LINKAGE programs version 4.7 (13). Map distances be-
tween markers whose physical order is largely known were
predominantly determined from the marker data in the pres-
ent 62 families, except that the distance between DXS85 (782)
and DXS41 (99-6) was obtained from H. Willard (personal
communication).
For given marker distances, each interval between adja-

cent markers was divided in 5 subintervals whose end points
represented possible locations of the disease locus. This way,
13 x 5 + 1 = 66 possible disease locations, xi, were defined.
For each family, at each possible disease location, the
multipoint lod score (logarithm of odds), log1O[L(x)/L(x.)J,
was calculated, where L(x) is the likelihood with respect to
position x of the disease locus, and xx denotes an infinite map
distance (disease locus not on map). In several families, not
all markers present could be accommodated in the Mlink
program, in which case the largest number possible, 4 or 5,
around each possible disease location was used.

All multipoint likelihood calculations assumed absence of
interference, and the resulting recombination fraction esti-
mates were converted to map distances by the Kosambi
mapping function. The values, x, designate map distances
proximal from the XG blood group locus in the region
pter-p22.3 on the short arm of the X chromosome where XG
is taken to be at map location x = 0.

Tests for Heterogeneity. Heterogeneity was allowed for
under a model of a mixture of two family types, type 1 with
disease location at x1, and type 2 with disease location at x2,

Abbreviations: RP, retinitis pigmentosa; XLRP, X chromosome-
linked RP; LR, likelihood ratio; cM, centimorgan(s).
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Table 1. Marker loci used

Gene
symbol Probe name 0 Z x

XG 0

DXS85 782 0.196 1.24 21
DXS41 99-6 0.300 * 55
DXS28 C7 0.134 2.10 69
DXS164 pERT87 0.120 4.76 81
DXS206 XJ1.1/XJ5.1 0.000 14.07 81
DXS84 754 0.032 22.35 85
OTC 0.068 27.22 91
DXS7 L1.28 0.084 30.52 100
OATLI 0.074 18.17 107
DXS14 p58-1 0.078 16.04 115
DXZI/Xcen pBamX7 0.050 * 120
DXSI p8 0.100 3.30 130
DXYSI pDP34 0.100 * 140
0 = estimate of recombination fraction with locus listed on line

above, x = Kosambi map location in cM, Z = maximum lod score
obtained in present data.
*0 is based on published values, and the map distance estimate
between DXSJ4 (p58-1) and Xcen is from H. Willard (personal
communication).

the proportion of families of type 1 being denoted by a1.
Based on the multipoint lod scores for each family at each
point, the parameters a1 (a2 = 1 - a1), xl, and x2 were
estimated by evaluating the likelihood at points of a1 from 0
through 1 in steps of 0.05, and at all possible points of x1 and
x2, x1 < x2. This approach represents a previously proposed
multilocus extension (14) of Smith's homogeneity test. The
HOMOG2 computer program, an adaptation of the HOMOG
program (15), was used for these calculations.
The (one-sided) test of homogeneity (HO, a1 = 1) against

the hypothesis of heterogeneity (H1, a1 < 1) was carried out
by calculating the maximum likelihood under each of the two
hypotheses and reporting the likelihood ratio, LR, in favor of
heterogeneity over homogeneity. As the distributional prop-
erties of the LR in this situation are unknown, one of the
problems being that multipoint likelihoods are multimodal,
no error probabilities are attached to observed likelihood
ratios. Conventionally, likelihood ratios exceeding 50-100
are considered meaningful.

Support regions for parameters were calculated under the
assumption that a set of parameter values (al, x1, x2) belongs
to the support region when its logl0 likelihood is within 1.7
units of the maximum logl0 likelihood. Parameter values
within such a support region have an associated likelihood
ratio of at most 50:1 against the maximum likelihood esti-
mates. For each parameter, its smallest and largest value in
the support region are taken to constitute the end points of its
support interval. Note that this conservative definition of
support intervals will yield relatively wide error margins, as
compared to conventional support regions based on a differ-
ence of 1 unit of logl0 likelihood, which is equivalent to a
likelihood ratio of 10:1.

Particularly in small families, the possibility of an autoso-
mal mode of inheritance cannot usually be ruled out with
certainty. Therefore, the heterogeneity analysis was carried

out with different selections of families, the selection criteria
being the maximum multipoint lod score, Z, achieved in a

family. To minimize the chance of admixture with autosomal
forms of RP, most analyses were carried out using only those
40 families with at least a multipoint lod score of 0.5, which
eliminates from the analysis many small and marginally
informative families. On the other hand, such a selection
reduces the chance of finding XLRP loci outside of the map
spanned by the markers if such a locus exists in the families
investigated.

Calculations under a model allowing for three or four
disease loci were carried out with the HOMOG3 and HOMOG4
programs, which are extensions of the HOMOG2 program.

HOMOG4 evaluated the proportions, aj, in steps of 0.20.
Results Assuming Two XLRP Loci. Table 1 shows the

marker loci used and the map locations estimated or assumed
for them. The maximum lod scores, Z, shown were obtained
by analyzing the 62 XLRP families. Table 2 presents the
results of the analysis for heterogeneity. The evidence for
two XLRP loci is convincing, even when only those families
with a maximum lod score of at least 1/2 were analyzed. While
the map positions of the two XLRP loci were estimated quite
accurately, the proportion of type 1 families has a rather wide
support interval given in parentheses below. Based on the 40
families with Z > Y2, 75% (45-90%o) of them had the RP locus
at map position 90 (87-90) centimorgans (cM), 1 cM distal to
OTC, and in 25% (10-55%) of the families the RP locus was
estimated at map location 117 (104-119) cM, halfway be-
tween DXS14 (p58-1) and Xcen. When based on the 56
families with positive lod scores, the latter position is ob-
tained at 118 cM with a much shorter support interval
(116-119 cM). The estimated distance between the two
XLRP loci is, thus, 27-28 cM, corresponding to a recombi-
nation fraction 0 = 0.25. For all analyses summarized below,
only those families with a multipoint lod score, Z > 1/2, were
used.
The analysis of heterogeneity presented in Table 2 assumes

the same proportions offamily types and locus positions in all
sources of families (homogeneity among investigators). Vari-
ation of these parameters between investigators may be
allowed for in an extended heterogeneity analysis in the
following way. Consider the three hypotheses: Homogeneity
within and between investigators (H1, a1 = 1; one map
location estimated), heterogeneity within but homogeneity
between investigators (H2, a1 < 1, the same for each inves-
tigator; one proportion and two map locations estimated),
and heterogeneity both within and between investigators (H3,
a1 < 1, but allowing for a1 varying among investigators; three
parameters estimated per investigator with at least three
families, one parameter estimated per investigator with less
than three families). Testing H2 versus H1 corresponds to the
test for heterogeneity already carried out (Table 2); the
maximum logl0 likelihoods obtained were 70.63 under H1 and
80.44 under H2. An analysis under H3 leads to a maximum
logl0 likelihood of 88.31 shown in Table 3, which presents
good evidence for heterogeneity from three investigators and
little or no heterogeneity from the other investigators, sug-
gesting that the proportion of families with one or the other
XLRP locus may vary in different research centers. These

Table 2. Results of test for heterogeneity (two XLRP loci versus one XLRP locus)
Estimates (support intervals)

Z n LR c1l x1 X2
0 62 2.2 x 1016 0.60 (0.35-0.80) 90 (87-90) 118 (116-119)

>0 56 1.5 x 1015 0.60 (0.40-0.80) 90 (87-90) 118 (116-119)
>'/2 40 6.3 x 109 0.75 (0.45-0.90) 90 (87-90) 117 (103-119)
Z = maximum lod score required for inclusion of family, n = number of families satisfying inclusion

criterion, LR = likelihood ratio in favor of two versus one XLRP loci.
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Table 3. Heterogeneity analysis for each investigator (families
with Z > '/2)

Estimates

Investigator(s) n logjoL LR a, x1 x2
S.B. and A.F.W. 16 16.18 75,849 0.30 74 107
M.J.D. 3 22.03 1 1.00 91
D.F. 2 1.72 1.00 85 -

P.H. 3 3.82 1.73 0.65 85 128
M. Musarella 5 14.47 345 0.50 76 91
F.W. 5 6.37 1 1.00 100
M.L. 1 3.56 - 1.00 120 -

A.G. 4 15.73 364,762 0.75 89 117
R.L.N. 1 3.80 1.00 91 -

Total 88.31
n = number of families, log1OL = maximum log likelihood under

heterogeneity, LR = likelihood ratio in favor of two versus one
XLRP loci.

differences between investigators (H3 versus H2) are associ-
ated with a LR of antilog (88.31 - 80.44) = 7.4 x 107, which
appears large. However, under H3, 18 additional parameters
are estimated over those under H2 so that the increase in LR
amounts to a (geometric) mean of LR = 2.7 per additional
parameter. Therefore, significant variation between investi-
gators cannot clearly be established.
For most investigators, the estimated location of the two

XLRP loci agrees fairly well with the overall estimates of 90
and 118 cM (Table 2). For at least two investigators, how-
ever, a third location appears at a map location well below 90
cM, which points to the possibility of a third XLRP locus.
This question is pursued further in the next section.
More Than Two XLRP Loci. Analyzing all 40 families with

Z > 1/2 for the presence of up to four XLRP loci showed the
results given in Table 4. Extending the two-locus to a
three-locus mixture of families by estimating two additional
parameters (one proportion and one map location) increased
the maximum log1o likelihood by 2.47, which corresponds to
a likelihood ratio of 293. There is, therefore, good evidence
for a third XLRP locus at map position 76 cM, midway
between DXS28 (C7) and DXS164 (pERT87), although the
presence of this XLRP locus is by far not as well supported
by the data as the other two XLRP loci. In an analysis of the
56 families with positive lod scores, evidence for the third
XLRP locus is even stronger (results not shown).
As Table 4 also shows, allowing for a fourth XLRP locus

results only in a small increase in the log likelihood. There is,
thus, no evidence furnished by these families for more than
three XLRP loci in the portion of the X chromosome inves-
tigated here.
Table 5 presents an analysis of a mixture of three XLRP

loci individually for those investigators with three or more
families with Z > 1/2 that had shown at least a hint for the
presence of a second locus. There is, however, not much
evidence for a third XLRP locus for any single investigator;
in fact, only the families investigated by S.B. and A.F.W.
show a slightly increased likelihood for three versus two
XLRP loci. The cautious interpretation of these findings is

Table 4. Evidence for a varying number, n, of XLRP loci

Parameter estimates

n LR ai a2 at x1 x2 X3 X4
1 1 - - 95 --
2 6.4 x 109 0.75 0.25 90 117
3 293 0.20 0.60 0.20 76 91 117

Table 5. Heterogeneity analysis for each investigator, allowing
for three XLRP loci (families with Z > '/2)

Estimates

Investigator(s) n LR a, a2 x1 x2 x3

S.B. and A.F.W. 16 3.41 0.2 0.3 82 98 107
P.H. 3 1 0.0 0.7 85 128
M. Musarella 5 1 0.5 0.0 76 91
A.G. 4 1.19 0.3 0.4 85 91 117

n = number offamilies, LR = likelihood ratio in favor of three over
two XLRP loci.

that a third XLRP locus exists but that only up to two XLRP
loci are present in families studied by any one investigator,
which explains the variation found above between investi-
gators in the analysis of two XLRP loci.
The statistical evidence for a third XLRP locus appears to

be contradicted by the existence of males carrying deletions
of part or all of the region between the DXS28 (C7) and
DXS164 (pERT87) loci, none of whom have been reported to
have RP. For example, the two males, JH (16) and JO (17),
both have deletions including the region between DXS28 and
DXS164 but do not have RP. These observations render the
existence of an XLRP locus between DXS28 and DXS164
implausible. An explanation for this contradiction might be
that the estimate of the map position of the third XLRP locus
is not very good. In fact, based on the families with Z > 1/2,
its approximate support interval extends from DXS41 (99-6)
at 55 cM to 90 cM so that perhaps the third XLRP locus is
distal to DXS28 (some of the deletions without associated RP
extended proximal to DXS164 but none involves large seg-
ments distal to DXS28).

Discussion. To gauge the possible effect of mutation at the
XLRP loci, various two-point linkage analyses were carried
out with mutation either present (, = 10-6) or absent (Au = 0).
The resulting lod scores differed at most in the sixth decimal
place so that it appeared safe to assume absence of mutation
in the linkage analysis. In addition, owing to the low mutation
rate at XLRP loci, germinal mosaicism (18) was assumed
absent.
As mentioned above, the two XLRP loci postulated in the

literature are RP2 linked to DXS7 (L1.28) and RP3 linked to
OTC. In this analysis, the XLRP locus estimated at 90 cM, 1

cM distal to OTC, must correspond to the RP3 locus. For the
other XLRP locus (at map location 117 cM), the distal end of
the support interval extends to the map location 104 cM,
which is halfway between DXS7 and OA TLl. Therefore, this
latter XLRP locus may be taken to correspond to the RP2
locus.
The presence of heterogeneity has implications for the

calculation of genetic risks. If it is known which of the XLRP
loci is segregating in a particular family, genetic risks may be
calculated in the usual manner-for example, by using one of
the standard options in a linkage program. Such calculations
will also be appropriate when the risk is more or less the same
no matter which XLRP locus is assumed to segregate. Under
heterogeneity, the genetic risk for a particular individual in a

family may be represented as a weighted average over the
conditional risks given each of the XLRP loci in turn.
Detailed formulations of such calculations are proposed
elsewhere (19).
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